The virion polypeptide composition of three independently isolated tree shrew herpesviruses (THV) was analysed by SDS-polyacrylamide slab gel electrophoresis and by a two-dimensional technique using isoelectric focusing. Two of the virus isolates analysed were from malignant tumours; the other isolate (THV, strain 1) was from an apparently healthy animal. The polypeptide patterns of the three purified Tupaia herpesvirus isolates were remarkably similar, each consisting of at least 35 polypeptides ranging in mol. wt. from 12 000 to 230 000. Whilst the majority of analogous polypeptides of the three viruses were of indistinguishable electrophoretic mobility, some (e.g. polypeptides of 82K to 86K) showed small differences in apparent mol. wt. which were characteristic of the virus strain. Comparative SDS-polyacrylamide gel electrophoresis made it possible to distinguish the Tupaia herpesvirus isolates from each other. At least five glycoproteins were found in purified THV virions. The two-dimensional electropherograms revealed at least 47 discernible protein spots, some of which were specific for a given THV isolate and which were detectable even in lysates of THV-infected cells.
INTRODUCTION
The Tupaia viruses are interesting from the aspect of evolution of both herpesviruses and their host, since the tree shrew has been placed in a phylogenetic position intermediate between subprimates and insectivores (Fiedler et al., 1956; Moore & Goodman, 1968) . The isolation and electron microscopic characterization of a herpes-like virus, THV strain 1, from a degenerating lung tissue culture of an apparently healthy Tupaia has been reported previously by McCombs et al. (1971) and by Mirkovic et al. (1970) . THV strain 2 was isolated from a degenerating cell culture derived from a tumour of an adult Tupaia belangeri approx. 8 years old by Darai et aL (1979) . The histopathological examination revealed that this tumour was a high-grade malignant lymphoma centroblastic with multiple metastases (Hofmann et al., 1981) . The third Tupaia herpesvirus strain was isolated from a tumour of an adult tree shrew about 9 years old. This tumour was histopathologically characterized as similar to human Hodgkin's disease, lymphocytic depletion type (Hofmann et al., 1981) with multiple metastases.
The genomes of these viruses consist of duplex DNA with a mean G + C content of 64.5% (Darai et al., 1979) . Electron microscopy and velocity sedimentation revealed the genome to be a linear molecule of 130 + 3 × 106 mol. wt. (Darai et al., 1981) . Restriction enzyme analyses demonstrated that 'minor DNA bands', due to fragments in less than molar amounts, were absent in the gel patterns of THV DNAs. These results suggested that the genome of THV consists of one long unique DNA sequence. This conclusion was supported by electron microscopic examination of single-stranded THV DNA under conditions favouring intrastrand hybridization. It was found that single strands of THV DNA did not form stem-loop structures. This result rules out extended inverted repeat sequences which have been shown to exist in the DNAs of many human and mammalian herpesviruses (for review, see Roizman, 1979) . Even the direct terminal repeats of 12 × 106 mol. wt., which were detected in the genome of the channel catfish virus by Chousterman et aL (1979) and by Dixon & Farber (1980) , were not found in THV DNAs. Thus, the genome of the tree shrew herpesvirus seems to be arranged in a remarkably long, non-repetitive DNA sequence although the kind of local sequence reiteration recently found in Epstein-Barr virus DNA (Given & Kieff, 1978; Hayward et al., 1980) or very short terminal repeats cannot be ruled out.
It is of great interest to compare the size and organization of different herpesvirus genomes with their corresponding gene products. The present investigation was undertaken in order to gain more information about the number of virus proteins specified by the three THV isolates. Therefore, the first goal was to determine the number of virus polypeptides of the phylogenetically interesting Tupaia herpesviruses. A second, more practical, reason for performing this study was to find out whether or not it is possible to differentiate between the virus proteins of three closely related herpesviruses derived from one host, the tree shrew. This report describes the results of a series of experiments using one-and two-dimensional gel electrophoresis to determine the polypeptide composition of these unusual herpesviruses.
METHODS

Cells and virus.
Tupaia herpesviruses were propagated on Tupaia embryonic fibroblast cells (TEF) yielding a virus titre of about 8 x 106 to 5 x 107 p.f.u./ml 5 to 6 days after infection (Darai et al., 1979) . The three herpesviruses were plaque-assayed on TEF cells and these cells were used for plaque purification and cloning. Virus was grown and harvested by low-speed centrifugation of the culture fluids of TEF cells infected with individual THV isolates as described by Darai et al. (1979) . THV strains 1 to 3 were purified by centrifugation on to a CsCI cushion (40%, w/w). The cushion band was collected, CsCl was added to 35 % (w/w) and subsequently overlaid with preformed CsC1 flotation gradients (30 to 15 %, w/w) as described previously (Lawrence, 1976) .
Preparation of labelled THV. Monolayers of TEF cell cultures were separately infected with THV at an m.o.i, of 0.1 and incubated for 1 h at 37 °C. Afterwards the cultures were washed three times with Eagle's basal medium balanced with Earle's salt solution, refed with minimal essential medium containing 20% of the normal amount of non-radioactive methionine, and incubated at 37 °C. [35S]methionine (sp. act. 1100 to 1500 Ci/mmol, Amersham International), uniformly labelled 14C-amino acids (sp. act. 58 mCi/m atom carbon) and o-[ 3H]glucosamine (sp. act. 4.1 Ci/mmol) were added to the culture media 2 h post-infection (2.5 pCi/ml). Labelled THVs were isolated 5 to 6 days after infection as described previously (Darai et al., 1979) .
SDS-polyaerylamide gel eleetrophoresis (SDS-PAGE).
Polyacrylamide slab gel electrophoresis was performed in a vertical electrophoresis gel using the discontinuous system of Laemmli (1970) . A 3 % stacking gel was formed above resolving gels at concentrations of 7, 8.5, 10, 12, and 7 to 15 %. Diallyltartardiamide was used for crosslinking as described by Heine et al. (1974) . Virions from the peak of the second CsCI flotation gradient were freed from CsC1 by dialysis, and denatured by heating at 100 °C in the presence of SDS (2%), 2-mercaptoethanol (5 %), glycerol (10 %) and bromophenol blue (0.05 %). Volumes of each sample containing 20 to 100 pg protein were applied to each well of the formed slab gel and electrophoresis was carried out at a constant current of 30 mA for 8 h. Alternatively, each well was loaded with 5 × 104 to 2 × 105 ct/min of purified, denatured THV protein labelled with [35S]methionine, ~4C-labelled amino acids or [3H]glucosamine. The gel was subsequently stained overnight in 0.05% Coomassie Brilliant Blue R in methanol-acetic acid-water (50 : 10 : 40, by vol.) and destained in the same solution. Radioactive gels were processed for fluorography as described by Laskey & Mills (1975) . Polypeptides smaller than 8K would remain undetectable under the conditions used. The following proteins (Bio-Rad) were used as markers, with mol. wt. in parentheses: myosin (200000), fl-galactosidase (130000), phosphorylase b (94000), bovine serum albumin (68000) ovalbumin (43000), carbonic anhydrase (30 000), soybean trypsin inhibitor (21000) and lysozyme (14 000).
Densitometry of virion polypeptides and determination of relative mobilities.
Absorbance tracings of stained gels and autoradiographic profiles were obtained with a Joyce-Loebl spectrophotometer equipped with a gel scanner attachment. Apparent mol. wt. were determined from the relative mobilities of the electrophoretically separated virion polypeptides relative to the bromophenol blue marker by computer-aided regression analysis. The mol. wt. reference markers mentioned above were included into each gel on separate lanes. Unlabelled and radioactive polypeptide bands of all three virus isolates were directly compared for a given gel concentration and individual corresponding polypeptides were assigned. In autoradiograms, different exposures of each gel were made to ensure that the density observed on the autoradiogram corresponds to the number of counts on the gel.
Two-dimensional electrophoresis. The two-dimensional analysis was performed according
to O'Farrell (1975) with ampholytes (LKB, Munich, F.R.G.), and as modified by Essani & Dales (1979) . Fluorograms were developed according to Laskey & Mills (1975) . Composition of isoelectric focusing (IF) gels was obtained by mixing ampholytes of pH 9 to 11, pH 5 to 7 and pH 2.5 to 4 in a ratio of 2:1:1. The pH gradient of a given gel from the same IF experiment was separately determined by means of an Ingold microelectrode. To this end, a separate IF gel was divided up and cut into pieces of 0.5 cm length. The gel pieces were homogenized, resuspended in 0.5 ml distilled water, kept under a nitrogen atmosphere, and the exact pH value was measured. The pH values were plotted against the length coordinate resulting in a curve linear in the range of 3.20 to 9.15. With the ampholyte composition described above the pH gradient turned out to extend from pH 3.20 to 9.15 (three measurements). Final ampholyte concentration in the gel was 2%. All other conditions were those of O'Farrell (1975) , except for the solubilization procedure which was performed according to Essani & Dales (1979) . A two-coordinate system has been used to estimate the number of polypeptides. The first coordinate is the apparent tool. wt. of the polypeptide and the second is the relative mobility in the IF gel.
RESULTS
Enveloped virions of the three THV isolates were separately purified according to Lawrence (1976) . The procedure involved low-and high-speed centrifugation and two subsequent CsC1 flotation gradients. Use of extracellular virions, rather than cytoplasmic virions, as the starting material was essential for efficient removal of host proteins and, thus, a final virus preparation of high purity. Resulting virions were examined in the electron microscope using the technique of negative staining. As an example, purified virions of THV strain 2 are shown in Fig. 1 . Although a homogeneous virus preparation was obtained as judged by the similar morphology and appearance of the virus particles in the electron microscope, a second criterion for purity, the protein to p.f.u, ratio was determined. A typical preparation of THV started with 8.5 pg protein/ml and 7.6 × 10 6 p.f.u./ml which corresponds to 8.8 × 105 p.f.u./pg protein. After the final purification step the following values were obtained: 2200 ~tg protein/ml, 7.8 × 10 6 p.f.u./ml, and 3.6 × 103 p.f.u./~g protein, indicating that upon removal of protein, a concomitant loss of infectivity resulted. In addition, 3H-labelled virus particles were purified from cells prelabelled with ~4C-labelled amino acids and the isotope ratios were measured. This test indicated that the extent of cellular contamination of virion material was less than 5 %. The final indication of purity was that virtually no bands could be seen when preparations from uninfected cells, which were labelled with 14C-amino acids and prepared in parallel with virus purification from THV-infected ceils, were analysed by gel electrophoresis. The corresponding fluorogram is shown in Fig. 2 (d) .
Virus proteins of highly purified THVs, either non-radioactive or labelled with [35S]methionine or 14C-amino acids, were denatured under reducing conditions and subjected to one-dimensional gel electrophoresis according to Laemmli (1970) . Fig. 2 and 3 document the great similarity in the polypeptide patterns of the three THVs when run in an 8.5 % gel or 7 to 15% gradient gel and subsequently stained with Coomassie Brilliant Blue. Subtle, but distinct differences, however, are present, e.g. the two bands enclosed between the arrows in Fig. 2 and 3 co-migrated closer to each other in the case of THV strain 2. Another, more pronounced and distinguishing, feature is the stepwise pattern of three bands (at 86K to 82K as marked by arrow in Fig. 3 ) which is characterized by an increase in mobilities going from THV strain 1 to THV strain 2 and to THV strain 3. In an effort to ascertain these differences as well as to reveal further characteristic molecular properties of the virion proteins, experiments were performed under various conditions, such as different gel concentrations, labelling the polypeptides with 14C-amino acids or [35S]methionine using non-radioactive virions at different protein concentrations. Fig. 4 gives a condensed overview of five electrophoretic separations of the virion polypeptides of THV strain 2 as an example. Similar experiments were performed with both other isolates. Some of the virus polypeptide numbers are given for track (e) which was run at a gel concentration of 8 to 14 %. The mol. wt. of THV proteins were estimated by determining their migration rates relative to the bromophenol blue marker in five different concentrations of acrylamide (7, 8.5, 10, 12 , and 8 to 14 %) and by comparing their relative migration rates with those of proteins whose mol. wt. are known. Proteins of known mol. wt. were included as reference markers into each gel. Some of the apparent mol. wt. are indicated for track (a) in 143 the band patterns in the different lanes revealed that at least 35 virion polypeptides were detectable for each of the three herpesviruses, ranging in tool. wt. from 12 000 to 230 000. It is evident that not all of the THV polypeptides could be demonstrated on a single gel at any one acrylamide concentration. All virus polypeptides found in the three THV strains are listed in Table 1 . In order to determine which of the THV-specific proteins contain carbohydrates, T E F cell cultures were separately infected with THV strains 1 to 3 for 96 to 120 h with [3H]glucosamine. The purified virions were analysed by electrophoresis and the gel patterns developed by fluorography. For direct comparision, ~4C-amino acid-labelled virions were run at the same acrylamide concentration. Fig. 5 shows the resulting autoradiogram in which at least four major glycopeptides were detectable as rather broad bands as judged by the appearance of the [3H]glucosamine-labelled polypeptide bands. Additional labelling experiments with [3H]mannose showed that besides the four virus polypeptides 5, 6, 9 and t2, a Table 1 as glyeoproteins. The ~4C-amino acid-labelled polypeptides visible in the region below 3500 mol. wt. (Fig. 5, lane 4) were also detectable in non-radioactive overloaded gels, suggesting that these proteins which are possibly of host origin might be virion-associated. In order to achieve a higher resolving power, two-dimensional gel analyses according to O'Farrell (1975) were carried out. Fig. 6 presents an autoradiogram of polypeptides of THV strain 3. The total number of polypeptides of purified THV strain 3 was determined by using a two-coordinate system (apparent mol. wt. versus pH gradient). At least 49 virus polypeptide spots can be seen in Fig. 6 . The two prominent polypeptide spots at pI 7.20 and 6.70 correspond to the major virus protein bands of 100K and 82K in the one-dimensional analyses. It was found that each virus strain has two to five isolate-specific polypeptide spots (data not shown). However, the majority of the virus polypeptides of the three isolates were strikingly similar as already observed in the one-dimensional analysis. Additional experiments under different conditions with the other THV strains (data not shown) indicate that this number is probably an underestimate of the real number of virus polypeptides.
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D I S C U S S I O N
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too small to be detected by the techniques used in the present study. Also, virus-induced proteins are not included, since this will be the subject of future studies. It is of interest to correlate the total number of virus polypeptides with the size of the virus genome, particularly in view of the genome organization of Tupaia berpesviruses (Darai et al., 1981) . If one assumes at least 35 to 39 polypeptides to be distinct THV-specified gene products, then these proteins represent 42 to 45 % of the coding capacity of the DNA based on mol. wt. If the increase of 10 to 15 polypeptides detected by the two-dimensional analyses is taken into account, approx. 57% of the theoretical coding capacity of the THV DNA is obtained. The number of THV polypeptides is similar to the values reported for equine herpesvirus 3 protein analysed by Allen & Randall (1979) . However, the analyses do not include non-structural proteins. The values seem low when compared to the 75 % obtained for gene products of herpes simplex virus by Subak-Sharpe et al. (1974 ), Marsden et al. (1976 ), and Killington et al. (1977 . On the other hand, the different organizations of the herpesvirus genomes and mechanisms of transcription might influence the correlation between DNA-coding capacities and total number of virus gene products. An analysis of the kinetics of the appearance of transient virus polypeptides following infection with THV and a detailed analysis of which of the THV polypeptides are glycoproteins or phosphorylated is necessary to determine the exact number of THV gene products. Concerning glycoproteins, at least five carbohydrate-containing THV polypeptides were detected using radioactive glucosamine and mannose, namely VP 5, 6, 9, 12 and 19 (Table 1) . Although different conditions such as labelling time and gel concentrations were used to achieve higher resolution of the characteristically broad THV glycopolypeptide bands, these experiments were unsuccessful. This failure may well be due to the rather complex nature and the great number of herpesvirus glycoproteins as demonstrated for those of HSV-1 by Haar & Marsden (1981) . The polypeptides detected in purified THV by SDS-PAGE ranged in mol. wt. from 12000 to 230000. The gel patterns of the THV polypeptides, which were analysed at five gel concentrations, were clearly different from the band patterns of other herpesvirus proteins (Honess & Watson, 1977 Tupaia herpesvirus polypeptide analysis 8-95 8-73 8.48 7.93 7,20 6.38 5.30 5.08 4.68 characteristic protein composition. The main characteristic differences, particularly the stepwise increasing, isolate-specific mobilities of THV polypeptides of 86000, 84000 and 82000, as well as the fine structure of the major polypeptides of 138000 to 129000, were easily detectable even in one-dimensional gel patterns. These differences seem to be due to strain-specific variations in the mobilities of TH virus polypeptides, a situation analogous to other herpesviruses (Honess & Watson, 1977) . Since these typical features are independent of gel concentration and labelling conditions used in individual experiments, they are of analytical value and might help to identify and to map virus gene products in wild-type and in mutants of THV which are currently being isolated.
